ABSTRACT
from -Fe tomatoes. The pH optimum for Fe-chelate reductase was 6.5. Fe-chelate reductases from -Fe and +Fe tomato roots were equally sensitive to several triazine dyes. Reductase was solubilized with n-octyl fi-D-glucopyranoside and electrophoresed in nondenaturing isoelectric focusing gels. Three bands, with isoelectric points of 5.5 to 6.2, were resolved by enzyme activity staining of electrofocused PM proteins isolated from +Fe and -Fe tomato roots. Activity staining was particularly enhanced in the isoelectric point 5.5 and 6.2 bands solubilized from -Fe PM. We conclude that PM from roots of +Fe and -Fe plants contain Fe-chelate reductases with similar characteristics. The response to iron deficiency stress likely involves increased expression of constitutive Fe-chelate reductase isoforms in expanding epidermal root PM.
The mechanism of Fe uptake by roots of dicots and nongraminaceous monocots involves an obligatory reduction of Fe3" to Fe2" before uptake into root cells (14) . Evidence has accumulated that this reduction is the result of enzymatic ' Supported by U activity on the PM2 of root cells (7, 22) . An "Fe-efficient" plant such as tomato (Lycopersicon esculentum Mill. cv Rutgers) proliferates lateral roots covered with root hairs when grown under conditions of Fe deficiency. Cytochemical evidence demonstrated that these newly formed roots are particularly enriched in Fe-chelate reductase activity (2, 8) . Roots of-Fe tomatoes reduced Fe3+-chelates at a 4 to 7 times higher rate than did roots of +Fe plants (9, 10) . Recently, NADHdependent reduction of Fe3+-chelates by PM isolated from the roots of tomato (9, 10) and Plantago lanceolata (24) was reported. Consistent with the whole root studies, PM isolated from -Fe tomato plants demonstrated higher Fe-chelate reductase activities than PM isolated from +Fe plants (9, 10) .
It has been demonstrated that plant PM contain pyridine nucleotide-dependent redox activity (see refs. 12 and 15 and references therein). Ferricyanide has been commonly used as an artificial electron acceptor to measure PM redox activity. The identity of the natural acceptor(s) has been the subject of much debate (12, 15) . Bienfait (4, 5) proposed that this standard reductase (measured as NAD(P)H-ferricyanide reductase) is constitutive, does not respond to the iron status of the plant, and is unlikely to reduce ferric chelates. Bienfait (4, 5) further proposed that a high capacity reductase ("turbo" reductase), capable of both ferric chelate and ferricyanide reduction, is induced under conditions of Fe deficiency. In support of this hypothesis are reports of NADH-ferricyanide reductases in many plants including those (grasses) that do not use Fe-chelate reduction as an Fe-capture system (16) . Also, -Fe soybean roots reduced Fe3+-chelates at a 10-fold higher rate than +Fe roots, whereas ferricyanide reduction increased by a factor of only 2 (5 (10) , except that the phases were increased to 40 from 36 g, two rather than three phases were used, and 1.25 mm DTT was added to the first phase to reduce oxidative browning. The final upper phases were diluted 10-fold with a wash buffer of 0.25 M sucrose and 15 mm Hepes-KOH (pH 7.5), and membranes were pelleted at 53,000g for 2 h. Membranes were stored at -80°C in wash buffer including the proteinase inhibitors PMSF (1 mM), leupeptin (1 ,ug/mL), pepstatin (1 ,ug/mL), and chymostatin (10 tg/mL).
Enzyme Assays
The standard assay for NADH-dependent Fe3+-chelate reductase (Fe-chelate reductase) in 1.0 ml included 15 mM Mes-KOH buffer, ( of citrate:Fe3+ were altered. Change in absorbance of BPDS resulting from chelation of Fe2" was monitored at 30°C and 535 nm (EmM = 22 cm-') for 1 to 3 min. Absorbance changes in the absence ofNADH or enzyme were negligible. Alteration of the sequence of addition, such that Fe3+-citrate was added last, produced lower rates. NADH-ferricyanide reductase was assayed as described by Buckhout and Hrubec (11) . Cyt c oxidase was assayed on each batch of isolated PM to check for mitochondrial contamination by following the oxidation of Cyt c (0.45 mg/mL in 50 mm Hepes, pH 7.0, reduced with dithionite) at 550 nm (EmM = 21 cm-'). The rate of Cyt c oxidation was corrected for KCN-insensitive oxidation (1 mm KCN in 25 mm Hepes, pH 7.0). PM contained <0.5% oftotal Cyt c oxidase activity from the microsomal pellet.
Protein was assayed by the method of Markwell et al. (17) following TCA precipitation (3) of the protein and reprecipitation with ethanol (-20°C, 1 h). This procedure resulted in lower protein estimates and correspondingly higher Fe-chelate reductase-specific activities than previously reported (10 10% glycerol, and 2% ampholytes with pH ranging from 4 to 7. Gels were electrophoresed for 1.5 h at 200 V followed by 1.5 h at 400 V. The temperature was maintained at 4°C. The pH gradient along the length of the gel was measured with a flat-bottomed electrode. Gels were stained for NADH-dependent Fe-chelate reductase activity using a reaction mixture similar to the spectrophotometric assay except that the Fe2`chelator, PDTS, at a concentration of 250 ,m was substituted for BPDS, Fe3+-citrate was used at 100 lM, and the buffer (Mes) concentration was increased to 10 ,ug/ mL each of leupeptin and pepstatin, 5 ,uM DTT, and 1 ,uM flavin adenine dinucleotide. Electrophoresis was started under conditions of constant wattage (12 W). The wattage was then periodically decreased during the 3.5-h electrophoresis period to keep the voltage <2000 V. After completion of the electrophoresis, 20 fractions were collected. The pH of each fraction was measured, and enzyme assays were conducted immediately. The buffer concentration in the Fe-chelate reductase and ferricyanide reductase assays was increased to 100 mm to overcome the effects of the ampholytes in the electrophoresis medium.
RESULTS

Detergent Latency of PM Reductases
The Fe-chelate reductase is likely a transmembrane enzyme or enzyme complex, which uses cytoplasmic reductant (e.g. NADH) to reduce apoplastic Fe3" (9, 10) . Thus, Fe-chelate reductase activity was latent in isolated PM vesicles in the absence of a detergent to facilitate substrate permeability to the vesicle interior (9, 10) . Recent reports demonstrated that the activity of some enzymes, such as the plant PM ATPase, was affected by the detergent type (20, 23) . To test the effect of detergent on Fe-chelate reductase activity, Fe-chelate reductase activity was titrated with four detergents (Fig. 1 ) that have diverse effects on the PM ATPase (20) . Both lysophosphatidyl choline and Brij 58 increased reductase activity at lower concentrations than Triton X-100 and Nonidet P-40, as was observed with the ATPase (20, 23) . With all four detergents, the activity reached a stable maximum value. The difference in maximum Fe-chelate reductase activity between detergents never exceeded 25% (Fig. 1) . Fe-chelate reductase from -Fe tomatoes was used in the experiment shown in Figure 1 . Identical results were obtained with +Fe tomatoes (data not shown) except that the stable maximum activities were lower than those reported in Figure 1 . A similar analysis of the effect of Triton X-100 and lysophosphatidyl choline conducted with ferricyanide reductase produced similar results (data not shown). Thus, Fe-chelate reductase and ferricyanide reductase did not appear to exhibit sensitivity to detergents or to be excessively activated by detergents, as was seen with the PM ATPase (20) .
NADH Kinetics of Fe3+ Reduction by Tomato Root PM
As shown by previous studies with tomato PM, NADH was the preferred electron donor for Fe-chelate reductase (9, 10) . Kinetic parameters for the substrate NADH were compared for PM Fe-chelate reductase isolated from both -Fe and +Fe tomato roots. Fe-chelate reductase exhibited simple Michaelis-Menten kinetics with respect to NADH (Fig. 2) . The NADH Km values were similar for enzyme from +Fe and -Fe PM (Table I ). The Vmax values reflected a two-to threefold increase in activity in PM from -Fe treatments as compared to +Fe. This enrichment in specific activity was consistent with that previously reported (9, 10) but less than that measured in in vivo assays (7, 9, 10) . Microscopic observation of the degree of homogenization of the root material indicated that a significant percentage of root hairs remained intact throughout the tissue homogenization phase of our PM isolation protocol. These root hairs were subsequently filtered out or ended up in the pellet after the initial low speed centrifugation. Because tomato root PM (Table I ). The Vmax for the reductase from -Fe tomatoes was increased over that measured for reductase isolated from +Fe tomatoes as observed with NADH as substrate (Table I) .
pH Optima of PM Reductases We investigated the pH activity profile of both the Fechelate reductase and NADH-ferricyanide reductase in PM from -Fe roots (Fig. 3) . Although both had pH optima of 6.5, the ferricyanide reductase continues to show nearly maximum activity until pH 8.0, the most alkaline pH tested. In contrast, Fe-chelate reductase activity decreased rapidly after pH 6.5. To investigate the pH optimum for the Fe-chelate reductase, it was necessary to choose buffers that have minimal binding affinity for Fe3+. Mes (pKa = 6.1) was used at a concentration of 50 mm in the pH range of 5.5 to 6.5, but the [NADH] Figure 4 . Cibacron blue inhibited Fe-chelate reductase activity in a manner consistent with competition for NADH. Assays were conducted as in Figure 2 in the presence or absence of Cibacron blue. 
Inhibition of PM Reductases by Triazine Dyes
Triazine dyes inhibit pyridine nucleotide-dependent oxidoreductases. In some cases, they are known to act as competitive inhibitors for the substrate NADH (26) . We (Fig. 4) (Table IV) . The dyes differed widely in their effectiveness on Fe-chelate reductase activity. A 100-fold higher concentration ofOrange MX-2R was required to inhibit Fe-chelate reductase activity as compared to Green HE-4BDA. The others ranged between these extremes. However, individual dyes were equally effective in inhibiting Fe-chelate reductase in PM from either +Fe or -Fe tomato roots. In contrast, the dyes inhibited ferricyanide reductase to a much lesser degree than Fe-chelate reductase, with the exception of Orange MX-2R (Table IV) . Furthermore, the pattern of inhibition by the dyes was different between the Fe-chelate and ferricyanide reductase. Octylglucoside at a detergent to protein ratio of 22:1 (w/w) effectively solubilized 95% ofthe Fe-chelate reductase activity, 90% of the ferricyanide reductase activity, and 50% of the PM protein. Electrophoresis of the solubilized PM protein using preparative aqueous phase IEF showed that peak of Fechelate reductase activity with a pI of 5.7, but activity was found over a range of fraction pH from 4.5 to 6.5 (Fig. 5) . Two peaks of NADH-ferricyanide reductase activity were resolved. One was at the acid edge (pH 4.8) of the Fe-chelate reductase activity and the other peak was coincident with the Fe-chelate reductase activity. The majority ofthe ferricyanide reductase activity, using this technique, was separated from the Fe-chelate reductase activity.
IEF of octylglucoside-solubilized tomato root PM in nondenaturing polyacrylamide gels separated Fe-chelate reductase activity into three to four bands that could be visualized by using a NADH-Fe3+-chelate activity stain (Fig. 6) . In preliminary experiments, in which a wide range of ampholytes were used (pH 3 to 9), no additional bands were seen. Additional enzyme forms, not resolved by this method, may exist.
The enzyme-stained bands had pI values of 5.5, 5.8, and 6.2. In some experiments, a fourth band could be faintly detected just below (0.1-0.2 pH units) the pI 5.5 band. When equal amounts of protein solubilized from -Fe or +Fe PM were loaded into adjacent lanes of IEF gels, the intensity of band staining was always higher in the -Fe PM lane (Fig. 6 ). In particular, pI 5.5 and 6.2 bands were obviously enhanced. The pI 5.8 band, the most intensely stained of all three bands, showed some enhancement also in the -Fe lane. 6.2 -58 -_T.
-Zg Figure 6 . Native IEF gel stained for Fe-chelate reductase activity as described in "Materials and Methods." Equal amounts of protein solubilized from -Fe and +Fe PM were loaded in adjacent lanes.
tomato PM, not all Fe3+-chelates were reduced at an equal rate. In our experiments in which Fe3+-chelate speciation was carefully controlled by pH and chelate:Fe3+ ratios, the specific activity was higher with organic acid chelators (citrate, oxalate) of the type found in plant tissues than with the synthetic chelators (EDTA, HEEDTA, EDDHA) (Table II) . There are some data that allow comparison of Fe-chelate reductase in isolated PM with activity in whole root. In a study with intact peanut roots, EDTA and HEEDTA proved to be better substrates than citrate (22) . With bean roots, the Fe-chelate reductase activity varied with Fe3" chelated to oxalate > malonate > EDTA > citrate (6) . With these limited data, it is not clear whether the differences in order of effectiveness of the Fe3" chelators to serve as substrate were due to whole root in vivo assays versus in vitro assays done with isolated PM or due to differences between plant species.
Kinetic studies of Fe-chelate reductase activity in whole roots have been performed by Chaney (13) using peanut and Bruggemann et al. (9) (25) . Competition by citrate with the reductase for Fe3" and citrate-catalyzed reoxidation of Fe2+ would explain the decrease in reductase activity at citrate:Fe3+ ratios higher than 40:1 (Table III) . A similar pattern was reported by Bates et al. (1) in experiments studying the ability of transferrin to bind Fe3" chelated to citrate with increasing ratios of citrate to Fe3".
The Fe-chelate reductase had a pH optimum at 6.5 when tested in isolated tomato PM. This value agrees well with similar analyses of PM Fe-chelate reductases in tomato and Plantago (9, 24) but was higher than the optimum determined for intact roots (6, 22) . However, the optimum determined for intact roots reflects the optimum for just the Fe3" reduction, whereas the pH analysis in detergent-permeabilized vesicles reflects a compromise of both substrates [NADH and Fe3"(citrate3-)2].
An early hypothesis by Bienfait (4) with the same pls but differ in apparent activities as indicated by the intensity of the enzyme staining. The pl 6.2 and 5.5 reductases always stained more intensely in preparations from -Fe PM (Fig. 6) . The pl 5.8 reductase was the most predominantly stained reductase in both +Fe and -Fe PM, and in most experiments there were also detectable increases in staining of the pl 5.8 reductase solubilized from -Fe PM over +Fe PM (Fig. 6) . The relationship between the multiple forms of the Fe-chelate reductase is not yet known. Some preliminary evidence from SDS-PAGE analysis (not shown) indicated that the predominant polypeptide components of the stained regions of the IEF gels were similar.
Preparative IEF of octylglucoside-solubilized tomato root PM and enzyme analysis of the resulting fractions yielded two peaks of ferricyanide reductase activity ( Fig. 5.) ; a predominant peak at pH 4.8 and a second smaller peak concurrent with the Fe-chelate reductase activity at pH 5.7 (consistent with the PI of the major enzyme-stained band on the IEF gel). This, along with the nonidentical pH profile and patterns of inhibition by triazine dyes, suggests that there is more than one NADH-dependent reductase complex on the PM that is capable of using ferricyanide as an artificial electron acceptor. These data are in agreement with the results of Luster and Buckhout (16) for multiple reductases in maize PM. We did not compare NADH kinetics for the Fe-chelate reductase and the ferricyanide reductase because the nature of the electron acceptor (Fe3`versus ferricyanide) could alter the Km for NADH oxidation. Therefore, any differences between Km values might be artifactual.
The second smaller peak of ferricyanide activity, seen in preparative IEF activity profiles, is exactly concurrent with the peak of Fe-chelate reductase at pH 5.7 (Fig. 5) . One interpretation of the concurrent peaks is that the Fe-chelate reductase can also use ferricyanide as a substrate. Alternatively, the two activities could be due to two different enzymes with the same pl. We are currently purifying detergent-solubilized tomato root PM Fe-chelate reductases in an attempt to resolve such questions.
In conclusion, the kinetic (Kn), triazine dye inhibition, and IEF data are more supportive ofsimilarities than ofdifferences between Fe-chelate reductases in PM isolated from +Fe and -Fe tomato roots, and there is little in the enzymology to justify the presence of novel reductases. These results are in agreement with the conclusions of Bruggemann et al. (9) . Furthermore, our data support the hypothesis that amplification or activation of constitutive PM Fe-chelate reductase isoforms occurs in the root epidermal PM in response to Fe deficiency stress.
